Recent advances in functional neuroimaging techniques have prompted an increase in the number of studies investigating lateralization of language functions. One of the problems in relating findings of various studies to one another is the diversity of reported results. This may be due to differences in the tasks that are used to stimulate language processing regions and in the control tasks, as well as differences in the way imaging data are analyzed, in particular the threshold for significance of signal change. We present a simple method to assess language lateralization that allows for some variation of tasks and statistical thresholding, but at the same time yields reliable and reproducible results. Images acquired during a set of word-comprehension and -production tasks are analyzed conjointly. As opposed to the use of any one particular task, this combined task analysis (CTA) approach is geared toward identifying language regions that are involved in generic language functions rather than regions that are involved in functions that are specific to a single task. In two experiments CTA is compared to single-task analysis in healthy righthanded males. In a third experiment left-handed males were examined. Results indicate that CTA: (1) improves detection of language-related brain activity in individual subjects and (2) yields a high language laterality index (LI) in right-handed males with a small variance across subjects. The high LI matches the strong left-hemisphere dominance for language that is typical for these subjects as reported in neuropsychological and clinical tests in other studies. In the left-handed subjects dominance was found either in the left (n ‫؍‬ 4) or the right (n ‫؍‬ 1) hemisphere or was absent (n ‫؍‬ 3). The LI derived from CTA is more consistent across statistical thresholds for significance of signal change in fMRI analysis than in individual-task analysis. Also, the CTA results are very similar to those obtained with conjunction analysis of the same data.
INTRODUCTION
Processing of language is one of the few cognitive domains that is clearly mediated by predominantly unilateral brain structures. In most healthy individuals, language functions involved in production and phonological and semantic processing are mediated predominantly by regions in the left, hence "dominant," hemisphere (Binder, 1997; Fiez, 1997) . Reliable assessment of hemispheric dominance for language is typically required for neurosurgery of brain structures in or near the language regions (Binder et al., 1996a . In recent years, laterality of language functions has become a subject of interest in psychiatry, as various disorders appear to be associated with reduced laterality, such as autism (Hier et al., 1979) , dyslexia (Dalby et al., 1977) , attention deficit hyperactivity disorder (Gazzaniga, 1973) , and schizophrenia (Bruder et al., 1995) . With the advent of in vivo neuroimaging techniques, in particular functional magnetic resonance imaging (fMRI), it has become possible to measure laterality of language functions in the brain noninvasively (Jonides et al., 1998; Paulesu et al., 1993; Petersen et al., 1989; Rueckert et al., 1994; Small et al., 1998) . An important issue of concern, however, is the reliability of imaging-derived measures of laterality (laterality index, LI) in individual subjects. FMRI measurements are quite variable across subjects, as well as within subjects when tested for a second time (e.g., Ramsey et al., 1996) , in terms of which brain regions are activated and in terms of magnitude (i.e., degree of signal change) and extent (i.e., size of activated regions) of activation. Measurements of neuroimagingderived LI also vary considerably across studies. For instance, LI ranges from 0.15 (Benson et al., 1999) to 0.83 (Lee et al., 1999) on a scale of Ϫ1 to ϩ1 for healthy right-handed subjects performing one or another wordgeneration task (Binder et al., 1995; Pujol et al., 1999; Springer et al., 1999; Xiong et al., 1998) .
In contrast, clinical studies on language processing indicate that lateralization of language functions is very consistent across individual subjects. Clinical indication that language processing is lateralized is obtained in several ways: by assessing effects of brain lesions and by inactivating one hemisphere at a time by means of intracarotid amobarbital infusion (the Wada test). Damage to the left lateral inferior frontal cortex (mainly Broca's area but also extending beyond) (Broca, 1861) , or to the left parietotemporal cortex (including Wernicke's area) (Wernicke, 1874) , typically results in one of several types of aphasia (Alexander et al., 1989; Alexander and Schmitt, 1980; Costello and Warrington, 1989; Damasio, 1981; Geschwind, 1970; Geschwind et al., 1979; Kertesz et al., 1979; Rasmussen and Milner, 1977) , whereas damage to the right-hemisphere homologues of these areas rarely results in such language deficits (Geschwindt, 1970) . For clinical purposes laterality is assessed by means of the Wada test (Wada and Rasmussen, 1960) . Wada testing in patients who are considered for surgical treatment of epilepsy has shown that inactivation of the left hemisphere results in loss of language production and comprehension (Loring et al., 1990; Rasmussen and Milner, 1977 ) in most right-handed patients. According to Wada studies, the left hemisphere is dominant in most right-handed as well as left-handed patients (Ͼ76 and Ͼ70%, respectively) (Binder et al., 1996b; Kurthen et al., 1994; Woods et al., 1988; Wyllie et al., 1990) . Some caution should be practiced with extrapolation of these numbers to healthy subjects, as in patients with temporal lobe pathology language processes may have become restructured over time. Nevertheless, lesion and Wada studies indicate that the vast majority of righthanded, and to a lesser extent left-handed, subjects are left-hemisphere dominant for language. Another clinical procedure that is used in epilepsy surgery is electrocortical stimulation mapping (ESM), which is applied during surgery (or before by means of implanted stimulation grids, e.g., Schä ffler et al., 1996) on the dominant hemisphere. This procedure identifies regions that are critical for language processing (Ojemann, 1991) by inactivating specific cortical areas during speech production and/or comprehension and has confirmed the existence of the classical critical language regions first reported by Broca and Wernicke. These regions are typically located in the same hemisphere (Ojemann et al., 1989; ,Schä ffler et al., 1996) and are regarded as essential for comprehension and production of language. Thus, whereas language laterality appears to be a clear-cut phenomenon clinically, fMRI studies produce variable results. Variability may be the result of several factors, including type of language task and control task (Binder, 1997) , volume of brain tissue that is imaged and/or included in analysis (ranging from a few slices to whole brain), and the algorithms and thresholds used in image analysis.
Comparison of functional neuroimaging with ESM in the same patients typically indicates that neuroimaging identifies more language regions than ESM, suggesting that functional imaging identifies additional regions that participate in the network(s) that subserves language processing but are not critical Fitzgerald et al., 1997) . The contribution of these additional regions may be highly specific for the task or may be nonspecific (such as attention or interfacing with long-term memory) and therefore potentially less lateralized (Binder, 1997; Knecht et al., 1996) . One way to deal with this issue in functional imaging is to use multiple tasks with different characteristics and to then focus on regions that are active in all tasks. In this so-called "conjunction analysis" the function of interest is ideally the only one that is invoked by all tasks. The analysis then aims at selectively detecting activity that is common to all tasks. In principle one should then be more focused on the regions that are indispensable for language comprehension and production. In a recent study in which fMRI of language processing was compared with ESM, we noted that a good match between language foci was obtained only in voxels that were activated in more than one language task (Rutten et al., 1999) . This agrees with the notion of conjunction in that language structures that are active in multiple tasks may correspond to the critical structures observed in clinical studies (Papathanassiou et al., 2000; and accordingly may provide a more reliable index of laterality than one based on a single task.
In this paper we take this notion further, introducing a method that involves conjoint analysis of scan data across different language tasks (combined task analysis, CTA). Tasks were selected that had been shown to effectively predict the outcome of the Wada test in epileptic patients, i.e., semantic decision and word generation. These tasks require intact word comprehension for correct performance and to some degree word production, depending on the specific instructions given to the subjects. Three tasks were selected for the current study, to address functions underlying word comprehension and word production, i.e., semantic decision (Binder et al., 1996b; Binder 1997; Desmond et al., 1995) , verb generation (Benson et al., 1999; Pardo and Fox, 1993) , and antonym generation. The latter was included because recent studies suggest that the processes involved in the generation of nouns and of verbs (Damasio and Tranel, 1993) may not overlap completely. The three tasks were expected to invoke activity in the cortical regions that play an important role in language, the so-called "transmodal epicenters" (Mesulam, 1998; Papathanassiou et al., 2000) in or near the areas of Broca and Wernicke. Other candidates for epicenters have also been proposed, such as the anterior inferior temporal gyrus (Papathanassiou et al., 2000; Schä ffler et al., 1996) . The classic regions are essential for both comprehension and production, although Broca's area may be more involved in the latter (Ojemann, 1983; Schä ffler et al., 1996) . We did not include an object naming task, which has also been used frequently in imaging studies Hunter et al., 1999) , because some studies including one of ours (Rutten et al., submitted for publication) , indicate that it does not yield strong laterality measures (Benson et al., 1999) . Verbal fluency tasks (Hertz-Pannier et al., 1997; Lehericy et al., 2000; Zerrin Yetkin et al., 1998) carry the disadvantage that performance cannot be adequately monitored in an MRI scanner.
Compared to individual task analysis, CTA was expected to yield a better index of language laterality based on the notion that (1) different language tasks activate different networks of brain structures (Binder 1997; Damasio and Tranel, 1993; Ojemann, 1991) , (2) these networks share several (common) brain structures, and (3) common structures may correspond to the language-critical regions observed with ESM (Ojemann, 1991; Rutten et al., 1999) . By combining several tasks, the analysis is expected to favor detection of those regions that are active in all tasks over those that are not. This approach is conceptually similar to conjunction analysis introduced by , but the implementation is different. Instead of testing for consistency of activation across tasks after performing subtraction analyses within task-control pairs and subsequently masking-out voxels in which interaction between tasks exceeds a preset threshold, the test for consistent activity is in our study incorporated in one single factor in the multiple regression factor matrix, resulting in a more direct analytical procedure. Both methods are compared in one of the experiments.
The issue of fMRI-based laterality assessment within individual subjects is addressed with a focus on the following methodological factors: the potential advantage of using and analyzing multiple language tasks conjointly, differences between several widely used language tasks, and the effect of threshold level for significance of fMRI signal change. As there is no simple solution to the problem of comparing reliability of different fMRI protocols, we followed an indirect strategy. First, to test for optimal detection of lefthemisphere dominance, part of the study focused on healthy right-handed males, assuming that they all exhibit strong left-hemisphere dominance for language (Lee et al., 1999; Woods et al., 1988) . Second, the chance of failing to detect activity in language regions in individual subjects was measured, since such failure does not allow for measurement of laterality. Third, sensitivity of the laterality variable to the level of statistical thresholding was examined, as an index of robustness across analytical approaches. Fourth, degree of laterality and its variability across subjects was assessed. Assuming that all right-handed subjects were strongly lateralized to the left, a maximum laterality index close to 1.0 (see Materials and Methods for calculation) was expected, with minimal variability. Also, the relationship between the tasks was examined to determine consistency of the laterality index. As most right-handed subjects are expected to show strong left-hemisphere dominance, the range of values was expected to be too small for a correlation analysis. To increase this range, an additional group of lefthanded subjects, in whom laterality is reportedly diminished or even in the opposite direction (Annett, 1976 (Annett, , 1998 Pujol et al., 1999; Tzourio et al., 1998; van der Kallen et al., 1998) , was tested.
MATERIALS AND METHODS
Three experiments were conducted. In experiment 1, three widely used single-word processing tasks were used, which involve semantic processing and word production, i.e., a verb-generation (VERB) task (Xiong et al., 1998) , a categorical semantic decision (CAT) task (Kapur et al., 1994) , and an antonym-generation (ANT) task (Benson et al., 1996) , in a group of healthy righthanded males. The group of subjects was extended with eight left-handed healthy males in experiment 2, for comparison of LI and for correlation analyses across tasks and regions. We noted that the brain-activity maps associated with the CAT task, the only task that allowed for measurement of performance in the scanner, were of a poor quality in terms of both levels of activity and degree of lateralization. With the purpose of forcing phonological and lexical processing of each word and thus increasing language-related brain activity, a novel task in which the words were spelled backward was conceived (see Language Tasks). In experiment 3 this task was tested, again with healthy righthanded males, together with the VERB task, and CTA was performed.
Subjects
For experiments 1 and 2, eight healthy right-handed male subjects (age 25, SD 5 years) and eight healthy left-handed males (age 23, SD 5 years) were included, respectively. The mean handedness index as calculated from the Edinburgh Handedness Inventory (Oldfield, 1971) was 0.98 (SD 0.04) for the right-handers and Ϫ0.88 (SD 0.35) for the left-handers. The high standard deviation for left-handers was due to one subject with an index of Ϫ0.04. The others were strongly lefthanded (index ϽϪ0.92). In experiment 3, a new group of eight healthy right-handed males, age 24 (SD 5 years), participated. Subjects were not taking any medication or street drugs, and alcohol consumption did not exceed 15 drinks per week. Subjects were students, with Dutch as primary language. After oral and written explanation of all procedures, the subjects signed an informed consent, approved by the ethical committee.
Language Tasks
In experiments 1 and 2, the ANT, VERB, and CAT tasks were used. Words for all three tasks were presented visually, one every 3 s, and consisted of four to eight characters. For all tasks subjects were instructed to repeat the presented word as well as the generated word (VERB and ANT) silently, i.e., without overt articulation, to prevent head motion. In the ANT task the subject had to think of a word that was the opposite of the presented word. In the VERB task the subject had to generate an appropriate verb for the presented concrete noun. In the control condition for these tasks a small fixation dot was presented in the middle of the screen. For the CAT task, the subject had to decide if the concrete noun presented on the screen was an animal. Affirmative responses were given by pushing an air-mediated button and performance was recorded with a computer. The control task included the same number of button-press responses, which were cued with a small dot on the screen with random intervals. Subjects responded with the dominant hand (right hand in experiment 1, left hand in experiment 2). Error rate on the CAT task, including misses and intrusions, was 3% (SD 2%) for right-handed subjects and 4% (SD 4%) for left-handers.
To avoid the risk of inadvertently eliminating language-related brain activity (Binder, 1997) , we did not use characters from the alphabet during any of the control periods. The three tasks were similar in that processes involved in word comprehension (i.e., orthographic and implicit phonological processing, lemma and conceptual access) and those involved in word production were activated. The CAT differed from the other tasks in that category information was mapped onto the response hand and that a response had to be made. VERB and ANT differed in the type of association to be made. Thus the common processes were word comprehension and production. The latter two in particular have been shown to be highly lateralized in Wada test studies.
In experiment 3, the VERB task and a novel task were used. In the novel task, referred to as the BACK task, the same words as in the CAT task were used (with different volunteers), and the instruction was the same (push the button if the word represents an animal), but the difference was that the words were presented in reverse spelling (e.g., "ekans" for snake). None of these words had a meaning when read frontto-back. This was explained to the subjects beforehand and they practiced on a few of these words. We expected that phonological processing would be enhanced, as recognition of the word form was impossible with the letters spelled backward. Again, the control task involved an equal number of button-press responses cued with a dot, and performance was recorded. Due to technical problems the performance data were lost for one subject. For the remaining seven, error rate on the BACK task was 9% (SD 7%), i.e., 14% of the animal words were missed, and responses were given on 4% of the nonanimal words (intrusions). This increase in error rate compared to the CAT task indicates that the BACK task was more difficult. The VERB task was selected from experiment 1 on the basis of the finding that group mean activity in the left-hemisphere language regions was significant at the high T crit only in this individual task (see Fig. 1C ), combined with a significant LI.
Scanning Protocol
Each task was performed during 10 periods of 29 s, alternated with rest periods of 29 s. During each period, four fMRI volumes were acquired. Functional scans initiated and terminated 7 s later than the task to compensate for the delay of the vascular response. Activity was measured with a Philips ACS-NT Gyroscan 1.5-T clinical scanner with PT1000 gradients (10 mT/m) and a standard quadrature headcoil, using the navigated BOLD-sensitive 3D PRESTO fMRI sequence (Ramsey et al., 1998; Van Gelderen et al., 1995) . The 3D PRESTO scan technique differs from echoplanar imaging in that artifacts resulting from inflowing and draining blood are strongly reduced due to continuous excitation of the whole volume and to the use of strong "crusher" gradients , respectively. With this technique a close match between site of fMRI signal change and site of critical neuronal function, measured with ESM, has been shown (Rutten et al., 1999) . Sequence characteristics were TE/TR 37/26 ms, flip angle 9°, FOV 225 ϫ 180 ϫ 70, matrix 64 ϫ 52 ϫ 22, slice thickness 3.51 mm, scan time 7.25 s. Spatial resolution after reconstruction was approximately 4 mm isotropic, at an isotropic voxel size of 3.51 mm. The functional volume was oriented such that the anterior and posterior language regions were included in all subjects. Functional maps were superimposed on a registered anatomical volume, to determine location of brain activity. The anatomical image was acquired for each subject at the end of the session using 3D-FFE (TE/TR 4.6/30, flip angle 30°, FOV 256 ϫ 256 ϫ 100, slice thickness 1.2 mm). Stimuli were presented by means of a PC, a video projector positioned outside the scanner room, and a through-projection screen at the scanner bed that was viewed via a mirror fixed to the headcoil. The head was supported by foam padding.
Analyses
Data were processed offline on an HP workstation using PV-wave processing software, separately for each subject. The two inferior slices were not analyzed, because signal intensity in these slices was lower than that in the rest of the volume. All scans were registered to the last volume of the last block to correct for head movements (for details see Ramsey et al., 1998) . Brain activity was analyzed for each individual subject, by means of a multiple regression algorithm (Worsley and Friston, 1995) . This analysis was done for each task separately, i.e., ANT, CAT, and VERB in experiments 1 and 2 and VERB and BACK in experiment 3. An additional analysis was performed on the total set of data for the individual tasks combined (combined task analysis), by applying multiple regression to the whole set as if one single task was used (see Introduction for rationale). Thus in experiments 1 and 2 the CTA contained the data from ANT, CAT, and VERB and in experiment 3 the CTA contained the data from VERB and BACK. Each regression analysis contained one experimental factor consisting of value 1 for every scan acquired during execution of the language task(s) and value 0 for those acquired during the rest or control condition (box-car). Three additional factors modeled scanner noise and linear signal drift (i.e., one for drift across all scans, one for drift in each contiguous scan series (i.e., 80 scans), and one for drift within each condition). Scans were normalized to mean MRI signal intensity of the whole scanned volume prior to regression analysis.
To estimate how the CTA is affected when activity in a particular voxel occurs in only one or two of three tasks, we calculated the correlation between the CTA input function (i.e., a factor with value 1 for the active epochs of all three tasks and value 0 for the passive epochs) and simulated datasets. The latter were constructed by assigning a value 1 to active states of one, two, or three tasks and a value 0 to the active epochs of the remaining task(s) and to all passive epochs and then adding random values to each datapoint, with a normal distribution and a standard deviation of 1/CNR, where CNR is a constant representing the contrast-to-noise ratio. The CNR is the ratio of percentage signal change due to activation to standard deviation of fMRI signal over time (scans) . Correlation values were then calculated and averaged over 1000 simulated datasets, for each of several CNR values. Analysis of simulated datasets indicated that when activity in a voxel occurs in only two or one of three tasks, correlation with the input function declines by approximately 30 and 58%, respectively, relative to activity in all three tasks (at contrast-to-noise ratios ranging from 0.5 to 4.0). These numbers hardly change, even when CNR is set at a hypothetical 10.0 (numbers are 29 and 56%, respectively). A realistic CNR value with PRESTO was previously shown to be 2 for activity in the primary motor cortex (Ramsey et al., 1998) . At this CNR value, current analysis of simulated datasets indicated that activity in one, two, or three tasks would result in a correlation, with the CTA input factor, of 0.27, 0.48, and 0.71, respectively. Even when activity was twice as high (i.e., CNR of 4) in the case of one task, correlation remained low (0.37). This indicates that the CTA approach strongly favors activity that occurs in all tasks compared to activity that occurs in only one or two tasks. To further examine whether the CTA was sensitive to activity in fewer than three tasks, we also applied conjunction analysis to the CTA dataset from experiment 1. The latter differs in that each of the six conditions, i.e., rest and active conditions for each individual task, is modeled separately. The main effect map is then obtained by contrasting the three regression coefficients of the active conditions to the three coefficients of the rest conditions, for each voxel. Interactions between tasks are measured by contrasting coefficients of two tasks at a time, resulting in three interaction effects (ANT versus CAT, ANT versus VERB, and CAT versus VERB). Voxels which displayed any interaction, at a liberal threshold of t ϭ 3.0, were then removed from the main effect map. For each subject the final map was compared to that of the CTA.
For each image analysis, Bonferroni correction was used to correct for the total number of comparisons (i.e., number of voxels in the whole brain), resulting in a critical t threshold (T crit ) of t Ͼ 4.5, at P Ͻ 0.05 (one-sided) (Ramsey et al., 1998) . It should be noted that this threshold may appear to be high for imaging experiments, but it is in our view mathematically the correct threshold for a corresponding P value of 0.05 if the images are not smoothed . Some correlation does exist in space as a result of signal fluctuations caused by physiological processes, but this cannot be determined accurately.
Smoothing is not applied in this study, as in our experience language-mediating structures tend to be small (Rutten et al., 1999) . In order to assess the sensitivity of analyses to the choice of this T crit , the same procedure was followed for all subjects with a T crit of 3.0, which is roughly comparable to the threshold that is used in the widely used SPM analysis program (Friston et al., 1995a) on smoothed images when activity is expected a priori. Thus, for each subject several brain activity maps were obtained, one for each task (ANT, CAT, VERB, CTA in experiments 1 and 2; BACK, VERB, CTA in experiment 3) and T crit (4.5 and 3.0). Individual LIs were obtained by comparing the number of active voxels (i.e., voxels exceeding the T crit ) within specified regions of the brain (volumes of interest, VOIs), between the left and the right hemisphere. To reduce contribution of nonspecific brain activity, only language regions were included in the analyses.
The regions were manually delineated, blind to the activity maps, using the mapping system introduced by Brodmann (1909) , as described in the atlas of Duvernoy (1991) , and consisted of the areas that mediate language processing. We defined one VOI in each hemisphere, being the combination of anterior language regions corresponding to Brodmann areas (BA) 44 and 45 and posterior regions consisting of BA 21, 22, 41, and 42 (middle and superior temporal gyrus), BA 40 (supramarginal gyrus), and BA 39 (angular gyrus). These regions cover the areas of Broca and Wernicke (left VOI) and the contralateral homologues (right VOI). Care was taken not to include BA 9 and 46, as these regions mediate working memory rather than language-specific functions (Courtney et al., 1998; Mellers et al., 1995) . As the scan volume did not include the anterior and inferior temporal cortices, these were not included in the analysis. Initially separate VOIs were made for the anterior and the posterior language regions, but as we found no significant effect of this factor in any of the analyses, these regions were combined into one. The relative contribution of anterior and posterior regions is tested in experiment 1. For each subject, task, and T crit , the LI was calculated as follows: LI ϭ nVx in left VOI minus nVx in right VOI, divided by total nVx in left and right VOIs, where nVx is the number of voxels that exceed the T crit .
For all subjects of this study, the scan data were analyzed in the same way. The experiments differed only with regard to subject handedness (right-handed in experiment 1 versus left-handed in experiment 2) and in set of language tasks (VERB, ANT, and CAT in experiment 1 versus VERB and BACK in experiment 3).
Correlations for laterality indices between tasks (each individual task versus CTA) were investigated in all subjects from experiments 1 and 2 taken together.
RESULTS

Experiment 1
Activity
Before parametric statistical analyses was performed on the numbers of active voxels in the VOIs, each VOI and task set was checked for normal distribution of the data across subjects by means of Kolmogorov-Smirnov tests. None of the left-hemisphere regions, but some of the right-hemisphere data, failed the criterion for normal distribution. Some caution should, however, be practiced with this small number of subjects. At the Bonferroni-corrected level of P Ͻ 0.05, i.e., a T crit of 4.5, all subjects exhibited activity in the language regions (left and right VOI combined) in the CTA. In the individual tasks, however, not all subjects did (see Table 1 ). As can be seen in Fig. 1A , when numbers of active voxels were analyzed group-wise, significant activation (one-sided t test against value 0 at P Ͻ 0.05) occurred in the left VOI only in the CAT, VERB, and CTA sets. Failure to reach significance for the ANT task was probably due to one subject with an exceptionally high number of active voxels (without this subject the test was significant). Group-averaged activity in the right hemisphere VOI occurred only in the CTA set. The three individual-task sets were compared to each other by means of a general linear model (GLM) analysis for repeated measurements (SPSS version 9), with task and hemisphere as within-subject factors. There were no significant differences between the task sets, neither a main effect of task set nor interactions involving this factor. Overall, the effect of hemisphere was significant (multivariate test F(1,7) ϭ 8.4, P Ͻ 0.05).
The CTA maps were compared to the conjunction maps, of which the interaction effects were thresholded at 3.0 and the main effects at 4.5 (after removal of voxels which exhibited an interaction effect). First, the voxels obtained with CTA (at the high T crit ) were tested for presence of interaction effects as obtained with the conjunction analysis. Second, the CTA maps were compared to the conjunction maps in terms of numbers of active voxels in language regions. Third, the LI was compared. No interaction effects were present in any of the CTA map voxels in the language regions, which supports the notion that CTA is not sensitive to activity in fewer than the three tasks. The conjunction Note. Number of subjects that do not show significant activation in any of the language regions (left and right hemisphere combined), above a T threshold of 4.5. Numbers are shown for each experiment (see Materials and Methods for details) and task. Eight subjects were in each experiment. Abbreviations: ANT, antonym generation; VERB, verb generation; CAT, categorical semantic decision; BACK, categorical decision task with words spelled in reverse; CTA, combined task analysis.
analysis yielded somewhat higher numbers of active voxels in the left hemisphere (on average 3 voxels), which is most likely due to a somewhat better fit in the regression model when conditions are modeled separately. The LI values were marginally higher (a mean LI increase of 0.05) as a result.
In the lower threshold analysis, i.e., a T crit of 3.0, all subjects exhibited activation in all four sets. In the group-wise analyses activation was found in both left and right VOI in almost all sets (Fig. 1B) , as was expected at this low threshold. Similar to the highthreshold analysis, no significant task effects were found in the GLM analysis, but the overall hemisphere effect was significant (multivariate test F(1,7) ϭ 19.4, P Ͻ 0.01). The same GLM analyses were applied with anterior and posterior regions separated (as an additional factor), to assess possible differences in anterior-posterior ratios between tasks. No effect was found involving this factor. Depending on task and T crit , activity in posterior regions (i.e., Wernicke and parietotemporal cortex) was between 56 and 65% of total activity in the VOIs, indicating similarity of anteriorposterior ratios.
Laterality Index
When no activity occurs in any of the language regions, a LI cannot be determined mathematically. However, in order to maintain those subjects in further analysis, for those subjects the LI was set to 0 in the tasks in which no activation was detected. This occurred only when a T crit of 4.5 was used (see previous paragraph).
In the high-threshold analyses, the mean LI exceeded 0.4 in all the analyses (Fig. 2) . When group mean LI was tested against a value of 0, it was significant in all sets (indicated with asterisks). As can be seen in Fig. 2 , the CTA yielded the highest degree of laterality (LI ϭ 0.88). Interestingly, the standard deviation was by far the smallest in the LI of the CTA task, which reflects a high correspondence of this LI between the subjects. Comparing the three individual tasks by means of GLM for repeated measures with task as within-subject factor was not meaningful, as only three subjects showed activity on all three individual tasks.
In the low-threshold analyses, the LIs were very similar to those derived from the high-threshold sets   FIG. 2 . Laterality index presented per task and threshold level, averaged within the group of 8 right-handed subjects for experiment 1. Abbreviations: ANT, antonym generation; VERB, verb generation; CAT, categorical semantic decision; CTA, combined task analysis; LI, laterality index. Significance of LI relative to LI ϭ 0 (t test one-sided): *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
FIG. 1.
Language-related brain activity for three individually analyzed tasks and the combined analysis in 8 right-handed subjects (experiment 1), in language regions in left and right hemisphere, for a high and low threshold for significant activation. Results for individual subjects are plotted, and group mean values are presented in the graphs. Dots represent individual values, i.e., numbers of voxels exceeding significance threshold. Group mean values are shown with standard deviations. Results are shown for the high threshold (T crit ϭ 4.5; A) and for the low threshold (B). Abbreviations: ANT, antonym generation; VERB, verb generation; CAT, categorical semantic decision; CTA, combined task analysis; LH, left hemisphere; RH, right hemisphere. Significance of number of voxels relative to 0 (t test one-sided): *P Ͻ 0.05. (Fig. 2) , although the LIs of the CAT task were reduced and became more variable. Contrasting the three individual tasks by means of GLM analysis (with task as repeated measure), a weak effect was found (F(2,14) ϭ 4.69, P ϭ 0.058, ⑀ corrected). Subsequent pairwise comparisons of tasks indicated that VERB yielded the highest LI, followed by ANT and then CAT. Overall, the LIs at the 3.0 threshold tended to be lower than those at the 4.5 threshold (difference not significant). This was expected as with the low threshold the number of "false positives," i.e., voxels that exceed it merely by chance, increases irrespective of region or hemisphere. These voxels expectedly add, in approximately equal numbers, into both hemispheres, thereby diluting the contribution of true active voxels and causing the LI to move toward 0.
Experiment 2
Activity
The eight left-handed subjects performed the same tasks, but exhibited less activity in language regions than the right-handed subjects. This difference was not significant, but it may explain the larger number of subjects that did not activate above the high threshold (Table 1) . At the low threshold, all but one subject showed activity in language regions.
To determine whether the difference in total activity between subjects was consistent across tasks, correlations between individual tasks were calculated. Combining subjects from experiments 1 and 2, at the low threshold, only ANT and CAT were correlated (r ϭ 0.68, P ϭ 0.004). Other combinations of tasks were not (r Ͻ 0.3, P Ͼ 0.28). The same effects were found when only right-handed subjects were analyzed and when the high threshold data were used. This shows that different subjects displayed high activity in different tasks. Interestingly, each task correlated significantly with the CTA (16 subjects at low threshold, r Ͼ 0.58, P Ͻ 0.05). Figure 4 shows the LI for the CTA at the high and low thresholds. The left-handed subjects displayed a wider range, with half the group being left lateralized and half either non-or right lateralized, in contrast with right-handed subjects who were all clearly lateralized to the left. The difference between left-and right-handed subjects was significant only at the high threshold (t(14) ϭ 2.02, P ϭ 0.037). The difference diminished with the lower threshold, as was expected (all LI values move toward 0 with the increase of falsepositive voxels).
Laterality Index
Consistency (across tasks) of the laterality indices was examined by correlation analyses on the lowthreshold data of all 16 subjects of experiments 1 and 2. The high-threshold results would have been more appropriate given the result of experiment 1, but there were too many missing LI values in the left-handers to make analyses meaningful (see Table 1 ). Each task was compared to the LI of the CTA. Correlation values were 0.90 for ANT (P Ͻ 0.001), 0.62 for CAT (P Ͻ 0.01), and 0.88 for VERB (P Ͻ 0.001), indicating a high correspondence across tasks, particularly for ANT and VERB. Between individual tasks, only VERB and ANT correlated well ( ϭ 0.89, P Ͻ 0.001). CAT was only weakly correlated with VERB ( ϭ 0.43, ns) and ANT ( ϭ 0.46, ns).
Consistency of the LI across the two threshold levels was examined in the total of 16 subjects, for each task set. Tests for significance were one-sided as only positive correlations were expected. For the individual tasks the correlation ranged from 0.3 to 0.47, but none were significant. In the CTA task set, however, the LI was highly correlated across thresholds ( ϭ 0.93, P Ͻ 0.001). The correlation effects did not change when tested nonparametrically and remained significant when correcting for the four comparisons. When correlations were recalculated with exclusion of cases in which LI had been substituted with value 0 (due to absence of activity in the high T crit , see Table 1 ), again only the CTA showed significant correlation. The clear distinction between the individual task sets and the CTA set indicates that the LI derived from the latter is considerably less sensitive to level of thresholding. With regard to effect of performance on the CAT task, we found no effect on any of the brain activity or LI measures.
Experiment 3
Activity
Similar to experiment 1, the data were normally distributed in all VOIs except for some of the right hemisphere data. At the T crit of 4.5, all subjects exhibited activity in the VOIs in the CTA. In the individual tasks, however, not all subjects did (Table 1 ). In the lower threshold analysis (T crit ϭ 3.0) all subjects exhibited activation in all three sets, i.e., VERB, BACK, and CTA.
Laterality Index
With the high threshold, the mean LI exceeded 0.5 in all the analyses (Fig. 3A) . When testing group-mean LI against a value of 0, it was significant in all sets. As can be seen in Fig. 3A , the VERB analysis as well as the CTA yielded almost the same results as the VERB analysis and CTA in experiment 1. Again, the CTA results were the best in terms of numbers of subjects with significant activity (Table 1) , degree of laterality, and standard deviation of LI. The BACK task analysis reflects a weak lateralization of brain activity in comparison with the other two sets, despite the relatively low numbers of subjects that fail to activate above threshold (Table 1) . Comparing BACK and VERB (excluding subjects without activity in either), the difference was significant (F(1,5) ϭ 8.0, P ϭ 0.037). In comparison with the CAT task from experiment 1, the BACK task was slightly more successful in activating language regions above the high threshold (Table 1 ).
In the low-threshold analyses, the LIs were lower than those with the high-threshold criterion (Fig. 3B) , as would be expected (see experiment 1). Similar to the CAT task in experiment 1, the BACK task was associated with a low degree of laterality. Comparing BACK and VERB, the difference was not significant (F(1,7) ϭ 1.6, P ϭ 0.25). VERB and BACK were not correlated, but VERB and CTA were ( ϭ 0.86, P Ͻ 0.01). The LI for the VERB task was compared to the LI for the same task in experiment 1, by means of a t test. The reduction of laterality relative to experiment 1 (see Figs. 2B and 3B) was almost significant (P ϭ 0.08). Thus, with application of the low threshold, the results were less reproducible than with the high threshold. This may be due to the inclusion of false-positive voxels.
The range of performance on the BACK task across subjects (5-23% errors) allowed for a meaningful correlation analysis with imaging data. This showed that it was not related to LI, as it did not correlate with any of the LI values, at either high or low T crit (P Ͼ 0.2). It did, however, correlate with total activity, i.e., number of significant voxels for all tasks and T crit levels ( Ͼ 0.77, P Ͻ 0.05), indicating that extent of activity increased with better performance across subjects.
DISCUSSION
One of the main objectives of the study was to determine whether assessment of a laterality index for language-processing in individual subjects would benefit from a multiple-task procedure. Combined task analysis produced better results than analysis of each individual task in terms of: (1) robustness of detection of language-related brain activity, (2) the degree of laterality derived from individual brain activity maps, (3) small variability of laterality across subjects, and (4) consistency of laterality across levels of threshold for significance of brain activity. The results indicate that CTA is a powerful method for laterality assessment in individual subjects.
Comparing the individual tasks to one another, the verb and antonym generation tasks tended to yield higher degrees of laterality than the two semantic decision tasks (CAT and BACK), despite the fact that subjects were instructed to vocalize the presented words silently in all tasks. A similar result has been reported by others (Benson et al., 1999; Lehericy et al., 2000) . The finding of reduced LI persisted even when a low threshold for significant activation was applied, indicating that during semantic decision both hemispheres may be engaged. One explanation for the difference between production and decision tasks in our study is that phonological processing, which appears to be mediated by left prefrontal regions (Fiez, 1997) , contributes significantly to the laterality index in the production tasks. The decision tasks do not require word production other than a "yes" or "no" response. Another explanation may be that the control task for the decision tasks was not optimal, as it may not have minimized inadvertent language processing. Binder 
FIG. 3.
Laterality index presented per task and threshold level, averaged within the group of 8 right-handed subjects for experiment 3. Abbreviations: VERB, verb generation; BACK, backward-read categorical semantic decision; CTA, combined task analysis; LI, laterality index. Significance of LI relative to LI ϭ 0 (t test one-sided): *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
for instance reports clear laterality with a semantic decision task which is contrasted with an auditory (tone) decision task that reduces unintended language processing (Binder, 1997) .
For a CTA procedure to be effective in identifying language regions that are not specific for any particular task, the tasks should address different networks. The VERB and ANT tasks are similar in appearance and in the types of functions that are addressed, but the specific networks appear to be different (Damasio and Tranel, 1993; Spitzer et al., 1995) . The semantic decision tasks differ from the production tasks in that the meaning of the presented words is judged on categorical grounds, and retrieval and generation of new words are not required. The CAT task proved to be relatively ineffective in producing brain activity and was therefore replaced by the BACK task, which was designed to enhance language processing by emphasizing (implicit) phonological processing of the presented word. Indeed the BACK task appeared to increase the number of subjects that activated above threshold (Table 1). The degree of laterality was, however, not affected by the modification, suggesting that both tasks still engage the same network and supporting the notion that semantic decision is in itself not the best choice for assessing language lateralization. Of course the BACK task contains additional cognitive components, i.e., constructing the word letter by letter in reading the reverse-spelled word from back to front, which may introduce non-language-related processing. However, from the results it appears that this does not affect the CTA outcome, which illustrates that CTA is relatively insensitive to such confounding factors in task design (unless the factors are equally present in all tasks). An interesting finding was that performance on the BACK task was associated with extent of activity (total number of active voxels in all language regions in both hemispheres). This study does not indicate whether bad performance is the result of low levels of language-related brain activity or whether both are the consequence of not being fully focused on the task. Importantly, performance did not relate to LI values, which suggests that although effort may affect brain activity maps, it does not seem to affect assessment of LI.
The VERB generation task was tested in two experiments. The results were very similar at the high threshold, but not at the low threshold. This finding suggests that reproducibility benefits from using stringent statistical thresholding for brain activation, by which in principle only those regions that are strongly involved in performing the task are detected. The disadvantage is, however, that brain activation did not exceed the threshold in all subjects. Further analyses could elucidate the relationship between reproducibility and thresholding, but this was not done in the current study as reproducibility was not the main objective. A dedicated test-retest study has, however, been performed and is currently in preparation (Rutten et al., submitted for publication).
The rationale for CTA was that it would be sensitive to brain activity that is common to the different tasks and that the obtained brain activity maps would represent an overlap of the different networks that are specific for the different tasks. As such, the CTA is expected to be more selective for brain structures that are indispensable for (semantic) language processing than the individual tasks. In addition, a CTA should increase the statistical power for detection of activity in those structures by including the total number of scans summed over tasks. In the current study we could not separate the two effects directly. However, the fact that LI for the different individual tasks was not consistent within subjects indicates that even if each task was administered for a longer period, thereby obtaining more scans to increase power, different tasks would produce different LI values for any particular subject. The LI obtained from the CTA was correlated with each individual task LI, indicating that it represented a weighted mean LI.
If CTA is effective in selectively identifying the essential language regions, i.e., the "epicenters" or the classical regions of Broca and Wernicke, then it should yield a high degree of laterality in healthy righthanded male individuals because those regions are typically located in the left hemisphere (as observed in lesion and surgical studies). The present results support these expectations: in contrast to the individual tasks, activity in the language regions was found in all subjects at a high threshold, the mean LI was the highest in both the experiments with right-handed subjects, and the variability across subjects was small compared to the individual tasks. Whether the activity maps selectively represent indispensable regions remains to be determined, perhaps by investigating patients who are subjected to the Wada test. An important advantage of the CTA is the consistency of individual subject LIs across levels of thresholding, indicated by high correlations in the present study. The CTA approach is therefore a more robust method of assessing hemispheric dominance for language in individual subjects than the individual task approach.
The CTA approach is conceptually similar to the conjunction analysis designed by Price and colleagues , but it differs in several respects. First, only one factor is constructed for the "main effect" of language processing, whereas in conjunction analysis each task is modeled with a separate factor. The main effect is then obtained by testing a linear contrast of the individual regression coefficients (Friston et al., 1995b) . Second, potential differences in activity between tasks, i.e., "in-teraction effects" within voxels, are explicitly removed from the final statistical maps in SPM96/97, which was not done in the current study. Instead, CTA relies on the differential sensitivity for activation in some versus all tasks, as we showed with analysis of simulated datasets. Conjunction analysis is a more sophisticated method of searching for voxels that are active in all tasks, but there also interactions may still play a role if they remain below a set threshold for significance. One argument for excluding voxels with an interaction effect from the final statistical maps is that one task in which activity is very strong may contribute to a main effect in the absence of activity in the other task(s). We show that even when activity in one particular task is twice the normally observed magnitude of activity, the contribution of this to the regression coefficient obtained with CTA (when there is no activation in the other tasks) is quite limited. This is further supported by the fact that, comparing CTA to conjunction analysis in experiment 1, no interactions were found in any of the CTA voxels. We did observe that conjunction analysis was slightly more sensitive to activation, which we attribute to better modeling in the regression analysis. The fact that we did not find interaction effects in the voxels identified with CTA suggests that interaction between tasks need not be explicitly tested with CTA. This does require further testing with different types of tasks (with known interactions).
Despite the relatively small numbers of subjects, the difference in LI between left-and right-handed subjects (at the CTA/high threshold analysis) is convincing: whereas all right-handed subjects of experiments 1 and 3 exceeded a LI of 0.3, half the left-handed subjects were either nonlateralized or lateralized to the right hemisphere. This supports the observations of Annett (1976 Annett ( , 1998 , in neurological patients, that left-handers are much more likely to be either non-or right lateralized. Our finding is also in agreement with a study by Tzourio et al. (1998) , who observed a relatively high incidence of non-left lateralization in lefthanders, using a story-listening task, as well as with other imaging studies using a word-generation task (Pujol et al., 1999; van der Kallen et al., 1998) .
The tasks all involved word production and semantic processing, albeit to different degrees. In addition some phonological processing may have occurred during silent vocalization of the presented and the generated words. Semantic processing has been attributed to the regions of Wernicke and Broca, both of which were included in the present VOIs. Recent studies have indicated that in the inferior frontal cortex semantic processing may be distinct from phonological processing, i.e., located in BA 47/45 as opposed to BA 44/45 (Fiez, 1997; Poldrack et al., 1999) . Regardless of the exact functional topography, however, ESM studies have shown that language comprehension (Schä ffler et al., 1996) as well as production (Ojemann et al., 1989; Schä ffler et al., 1996) can be affected by inactivation of both posterior and anterior language regions. With the tasks used in the current study we found no significant difference in activity in frontal and posterior temporal language regions nor in degree of laterality. This is in agreement with other reports (Damasio, 1992; Ojemann, 1983; Schä ffler et al., 1996) which indicate that function of anterior and posterior language regions is coupled and is similarly lateralized within individual subjects.
The tasks were not tightly controlled with closely matched control tasks. As a result it cannot be ruled out that nonlanguage activity contributed to the activity maps, most notably language-related attention but also orthographic processing and visual processing. This confound of the study may explain the presence of activity in the right hemisphere (as detected with CTA at the high threshold) in half of the right-handed subjects (Fig. 1A) . Activity in the regions typically associated with working memory and attention, i.e., dorsolateral prefrontal cortex and anterior cingulate cortex, did not contribute to the results, as these regions were not included in the VOIs. Right hemisphere languagerelated activity has been observed by other groups also (e.g., Papathanassiou et al., 2000 , with conjunction of two tasks) and is thought to represent for instance language-specific attentional processing (Papathanassiou et al., 2000) and prosody (Damasio, 1992) . As Wada tests have shown that in most subjects inactivation of the right hemisphere has no clear effects on language processing, it seems that CTA is not fully successful in separating "essential" from "involved but not essential" language regions. However, for LI assessment in this study, the contribution of right hemisphere activity was marginal, as it occurred in only half of the subjects, and constituted on average no more than 6% of activity in all language regions.
Several issues were not addressed in the study. For one, it is not clear how other language tasks, for instance sentence processing or comprehensive reading, would affect the results of CTA. Engagement of frontal and parietotemporal regions depends on whether the task involves production, syntax, semantics, phonology, or other functions (Binder, 1997) , so it is conceivable that particular tasks activate frontal but not temporal regions and vice versa. In this study the tasks were selected for their ability to engage both regions (Fiez, 1997) . Another issue is that of statistical thresholding for significance of signal change (T crit ). Thresholding affects the size of areas of activity. Low thresholds will identify not only task-related voxels, but also voxels in which signal change exceeds the threshold by mere chance (false positives), whereas high thresholds will identify only the strongest signal changes (Worsley, 1994) . As a result the boundary of truly activated regions cannot be determined reliably by fMRI. Conversely, the proportion of false to true positives in a region deemed active with fMRI cannot be quantified accurately at all levels of T crit . It is therefore not possible to determine which threshold would yield the closest match of brain activity maps to the pattern of task-related neuronal activity. An advantage of applying a T crit that is based on Bonferroni correction is that the confounding presence of false positive voxels in the brain activity maps is virtually absent and that the probability that the significant regions are truly associated with the task is very high (Worsley, 1994) . One should, however, keep in mind that the accuracy of localization in fMRI depends on the used techniques (i.e., pulse sequence). Some are more sensitive to inflowing blood and/or to draining veins than others and as a result are more prone to signal changes located upor downstream of the site of neuronal activity (Duyn et al., 1994 . The PRESTO technique minimizes sensitivity to these sources of signal change (Grandin et al., 1997) , at the price, however, of an increase in signal instability . Functional brain maps are typically smoothed to improve overlap of language regions across subjects and to improve detection of language-related signal change. The latter argument may not be true for languageprocessing regions, as there is evidence that these are typically small, i.e., as small as several millimeters in diameter (Ojemann et al., 1989; Rutten et al., 1999) , and dispersed across the parietotemporal cortex (Ojemann, 1991) . Smoothing of images improves detection power if the active region is considerably larger than the size of the measured units (voxels), but effectively decreases power if active regions are small, as appears to be the case in critical language regions. Individual assessment of laterality is more appropriate than group-wise assessment for use not only in neurosurgery, to reliably predict the consequences of tissue removal in individual epileptic patients considered for surgery, but also in studies on psychiatric syndromes. This is particularly the case when one is interested in correlations between laterality, on the one hand, and clinical and cognitive variables on the other.
The current study supports the notion that laterality may be better assessed by means of a CTA design than a single-task design. Although this approach conceptually implies that the obtained brain activity maps represent regions that are critical for language processing, this notion was not tested appropriately. This would require a comparison of these maps with results obtained with a more invasive technique such as intraoperative electrical stimulation mapping in which the cortical surface is mapped in awake patients (Ojemann et al., 1989; Rutten et al., 1999) . The current results could serve as a guide for such a study. Several groups have, however, focused on the issue of distinguishing critical from noncritical language-processing regions by means of neuroimaging. Price and colleagues have shown that neuroimaging can complement information about the role of specific brain regions derived from brain-lesioned subjects (Price et al., 1999) . They showed that left inferior frontal cortex was not necessary for normal performance on a semantic similarity judgment task, although it was typically involved in healthy subjects.
For less critical purposes, such as studies on psychiatric syndromes, and neurological (e.g., dementia) and language (e.g., aphasia, dyslexia) disorders, the implication of the current findings is that acquisition of short time series, i.e., few fMRI scans, and the use of only one language task may result in poorly reproducible laterality indices and in limited power to distinguish between groups with different degrees of hemispheric lateralization.
In the present study the measurement of lateralization of language functions by means of fMRI was investigated. The goal was to find an optimal strategy for assessing hemispheric dominance for language functions with fMRI. The main conclusions are that: (1) combining tasks in one analysis improves detection of language-related brain activity in individual subjects, (2) combining tasks yields the strongest laterality index in right-handed males, (3) laterality index is consistent (within subjects) across word-generation tasks, (4) use of a high threshold yields a high degree of laterality in right-handed males, (5) use of a low threshold for voxel-wise significance improves detection of language-related brain activity in individual subjects but at the same time yields a reduced degree of laterality compared to that obtained with a high threshold, and (6) use of a high threshold for voxel-wise significance enables distinction between groups of lefthanded and right-handed subjects better than a low threshold, suggesting that a high threshold may be better in general for comparisons of hemispheric dominance for language between groups.
